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Abstract
A type-II phase-matched, doubly-resonant KTP optical parametric amplifier (OPA) was
pumped at 532 nm near frequency degeneracy to produce a high-flux source of entangled
photons with an inferred production rate of 6 x 105 pairs/sec at 100 !xW of pump power.
The output consisted of three distinct components: narrowband doubly-resonant pairs,
narrowband singly-resonant pairs and broadband nonresonant pairs. The broadband
nonresonant pairs comprised polarization triplet states under frequency degeneracy.
Quantum interference between the OPA output pairs has been observed for the triplet
states that were analyzed with a polarizer set at 450 relative to the output polarizations of
the OPA.
Thesis Supervisor: Ngai Chuen Wong
Title: Principal Research Scientist, Research Laboratory of Electronics
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Chapter 1
Introduction
In recent years, the concept of quantum entanglement has played an increasingly
important role in the field of quantum information processing. Theoretical and
experimental progress in this field, as well as the discovery of novel non-classical
features in multi-particle situations have led to increased interest in various applications
of entangled states such as quantum communication [1], quantum cryptography [2],
quantum teleportation [3] and quantum computing.
An MIT and Northwestern University (MIT/NU) team has recently proposed a
singlet-based quantum communication protocol for long-distance quantum teleportation
[4]. In this scheme, polarization-entangled photon pairs are generated and one photon of
each pair is sent to the transmitter station Alice and the other photon of the pair is sent to
the receiver station Bob. The polarization-entangled photons are then loaded into
trapped-atom quantum memories [5] at Alice and Bob for storage that can be retrieved
later. The polarization-entangled photons do not carry any information but are used to
prepare Alice and Bob with stored polarization entanglement that can be used for
quantum teleportation of the polarization state of a photon. Also, the stored polarization-
entangled quantum bits (qubits) can be utilized to create a one-time secret key pad for
encryption.
The main focus of this thesis is the investigation of the feasibility of an ultrabright
narrowband source for polarization-entangled photons. In this chapter, I present the
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previous work done in the field and the MIT/NU scheme for quantum communication. I
detail the experimental apparatus and setup in Chapter 2. In Chapter 3, I present the
results and analysis of the experiment and in Chapter 4 some concluding remarks are
presented.
1.1 Previous Work
The standard method for generating polarization entanglement is by optical
spontaneous parametric downconversion. This nonlinear process involves the generation
of two daughter photons (called signal and idler) in a nonlinear optical crystal by
absorbing a pump photon that is at a higher frequency. Energy is conserved in the process
and the pump (cop), signal (os) and idler (oi) frequencies are related by cop = cos + coi.
Efficient parametric downconversion occurs if there is momentum conservation that leads
to the phase matching condition of the nonlinear crystal at the operating wavelengths.
Using type-II phase matching, orthogonally polarized signal and idler photons are
generated. They are emitted into two cones, one being polarized along the ordinary axis
of the crystal, and the other along the extraordinary axis. The angular separation of the
two cones depends on the angle between the pump beam and the optic axis of the crystal,
and also the divergence of the pump beam. Assuming degenerate operation with Coitos, in
the areas where the two cones overlap, the light can be described in the polarization
entangled state
= (I lV2) + e I VH 2))
where H and V represent horizontal and vertical polarizations and a is the relative phase
shift of the signal and idler due to the birefringence of the crystal. Using a half-wave
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plate in one path, the four EPR-Bell states which form a maximally-entangled basis can
be obtained. These bases are
+) I HV2) + I VH2)
+) I HiH2 ) +±I VV 2 )
By using parametric downconversion from a type-II phase matched beta barium
borate (BBO) crystal, Kwiat et al [6] have demonstrated the generation of up to -2000
polarization entangled photon pairs per second for a pump power of 150 mW. However,
this source has the disadvantage of having a limited brightness since entanglement is
observed only along two special directions.
More recently Kwiat and coworkers have developed a much brighter source in
which two identical, thin crystals were used [7]. The two type-I phase-matched BBO
crystals were placed adjacent to one another, and they were oriented with their optic axes
at 90° with respect to each other. All pairs of a given wavelength generated by this source
are entangled. Figure 1-1 shows the experimental setup of this experiment.
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Figure 1-1: Experimental setup of ultrabright source of polarization entangled
Photons, from [7]
In this setup, the optic axis of one of the BBO crystals defines the horizontal plane
and the optic axis of the other defines the vertical plane. Due to type-I phase matching,
for a vertically polarized pump beam, downconversion occurs only in crystal 1, where the
pump is extraordinary polarized resulting in light cones that are horizontally polarized.
For a horizontally polarized pump beam, downconversion only occurs in crystal 2, and
the light cones that are generated are vertically polarized. Except for the different
polarizations, the cones are identical. When the pump beam is polarized at 45 °, each
photon from the pump is equally likely to be downconverted in either crystal. Thus the
outputs from the setup are randomly polarized and indistinguishable, which are
characteristic of polarization entanglement.
Using this experimental setup, Kwiat et al have demonstrated the generation of
polarization-entangled photons at a rate of 1.5x106 pairs per second over a 5 nm
bandwidth at a 702-nm center wavelength and with 150 mW pump power. Although this
source is ten times brighter than any previously reported source, its broadband nature is
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not suitable for narrowband applications. In particular, in the MIT/NU-proposed
protocol, the trapped-atom quantum memory is most efficiently loaded with entangled
photons that have a spectral bandwidth of-30 MHz which means that the source
described in [7] would still be an inadequate one for such applications.
The "quantum memory" model described in [5] proposes the use of trapped
Rubidium (Rb) atoms in high-finesse cavities as quantum memory nodes. Two Rb atoms,
each absorbing one of the entangled photon pair, share the quantum entanglement and
can act as the "transmitter" and "receiver" terminals of a quantum communication
channel. The capture and storage of entanglement is affected by several factors including
transmission losses and absorption efficiency of the cavities. The trapped Rb atoms
suggested for storing the photonic entanglement have a wavelength of 795-nm and at this
wavelength, the source developed by Kwiat et al has a pair generation rate of only 15
within a 30-MHz bandwidth. Clearly this broadband source is not suitable for the
MIT/NU scheme, especially when propagation losses are inevitable in long-distance
quantum teleportation.
Recently Shapiro and Wong [8] proposed a scheme for generating a high-flux,
narrowband source of polarization-entangled photon pairs that can be 5 orders of
magnitude higher in spectral brightness when compared to the Kwiat source [7]. Like the
two experiments described in [6, 7], the source of polarization entangled photons
envisioned by Shapiro and Wong uses second order nonlinear optical interactions.
However, the source described in [8] uses cavity-enhanced parametric amplification
instead of spontaneous parametric downconversion used in the other sources.
10
Parametric amplification and parametric downconversion differ in the spectral
properties of the daughter photons generated from the x(2) interactions. If the crystal used
for optical parametric downconversion is placed inside an optical resonator, the signal
and idler fields can build up to large values. The signal and idler cavities formed within
such a resonator can generate enough positive feedback to cause oscillations. This
process is known as optical parametric oscillation. If the cavity is pumped at a power
below the threshold level at which oscillations start, we get optical parametric
amplification. An optical parametric amplifier (OPA) is schematically represented in
Figure 1-2. Because of the cavity, the resonant signal and idler fields within the cavity
bandwidth are significantly higher than the nonresonant fields of a parametric
downconverter for a given pump power, leading to lower required pump powers and
narrower spectral width for the entangled photons. By varying the crystal's phase
matching parameter and the cavity resonance peak, the OPA can be frequency tuned.
Op = + Xi () -= ,
Figure 1-2: Optical Parametric Amplifier. op is the pump frequency, oi is the idler
frequency and os is the signal frequency.
The setup described in [8] uses two doubly resonant (in which both the signal and
the idler fields are in resonance) type-II phase-matched OPAs that are pumped at equal
power and phase.
11
Idler
Output
X 12--
S5l' _1 Si, Signal
Io S,^1 lOutput
PBS
s.
Figure 1-3: Dual OPA Configuration. S (S2) and 11 (12) are the signal and idler from
OPA 1 (2)
Figure 1-3 shows the dual-OPA configuration. The signal and idler fields from
each OPA are orthogonally polarized due to type-II phase matching. The two amplifiers
are assumed to be pumped at the same power with identical crystal and cavity
parameters. The polarizing beamsplitter (PBS) passes photons with a polarization parallel
to the plane of incidence (p-polarized) and reflects those that are perpendicular to the
plane of incidence (s-polarized). This arrangement of combining signal and idler photons
from the two amplifiers works regardless of whether the amplifiers are operated at
frequency degeneracy or not.
For ideal doubly resonant OPAs with no excess pump noise, no pump depletion,
zero detuning, no cavity loss except at the output coupler and equal linewidths for the
signal and the idler, the equations of motion for each OPA are given by [8]
d + as(t)=GFd+ (t) + 2AsIN (t), (1.1)
(d+ I d(t) = GFas (t)+,[AfIN (t), (1.2)
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where F is the cavity loss rate, ds (t) and , (t) are the intracavity annihilation operators
for signal and idler, G is the normalized OPA gain, defined by
1G6 - ' (1.3)
GPT
with Pp representing the pump power and PT representing the oscillation threshold pump
power. The signal and idler fields are related to the internal and external input fields by
As (t) = J2 (t ) - A N( t) , (1.4)
and
A, (t) = 2ad, (t) - AN (t) . (1.5)
From the equations above, it can be seen that each OPA produces signal and idler
photons that are in a zero-mean pure Gaussian state. Assuming unity quantum efficiency,
the number of signal and idler photons counted over a time interval of 0 < t < T are given
by
T
s - A+ (t)As (t)dt, (1.6)
0
and
T
N.-_ JA (t)A,(t)dt. (1.7)
Using the correlation expression
< A+ (t + r)As (t) > = < A (t + r)AI (t) >
=G [exp[-( - G)F I r l] exp[-(l + G)F I l] (1.8)
2 1_ I-G + G'
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one can see that the mean number of signal and idler photons in a time interval T is
given by
G 2FT
(Ns) = (N,) = l G2. (1.9)
Therefore, the photon-count difference, A N = N - N. is zero mean. The variance is
given by
(AN 2 ) 1 - exp(-2FT)
(Ns) + (N,) 1-G 2
This expression approaches 1 for FT<<1 and 0 for FT >>1. For a time interval T
that is much greater than the cavity lifetime 1/, the variance in the photon-counting
difference goes to zero, meaning every signal photon in a given polarization is
accompanied by an idler photon in the orthogonal polarization. In order not to have more
than one pair of entangled photons in a given interval (such that two photons detected
within a given time interval can be safely identified as photons from the same pair), the
cavity has to be pumped at low power, at about 1% of threshold, or G2=0.01. Consider
the case of a measurement time interval T of 70 ns, and a cavity lifetime of 7 ns (with a
corresponding spectral bandwidth of 30 MHz). For low threshold operations, the photon
counting measurements are approximately Poissonian, and Shapiro and Wong estimate
the conditional probability of detecting the signal (idler) photon given that its idler
(signal) partner has been detected as 0.95 [8]. For a coincidence interval T of 70 ns, at 1%
threshold operation, the pair generation rate is G2rF1.5 x 106 sec1 .
This dual-OPA source has the advantage of generating photon pairs in well-defined
spatial modes, thus making the collection efficiency much higher. In addition, the cavity
14
linewidth can be easily adjusted by changing the cavity length or the output coupling,
which allows the generation rate to be varied. The realization of this source and the
generation of narrowband, high-flux source at 795 nm would make the loading of remote
quantum memory nodes more practical.
The focus of this thesis is to investigate the characteristics of an OPA source at the
wavelength of 1064 nm. The operating wavelength of 1064 nm instead of 795 nm is
chosen because of the immediate availability of a doubly resonant OPA cavity at the
1064-nm wavelength. The results of a dual-OPA source at 1064 nm should be equally
applicable at the desired wavelength of 795 nm.
The cavity used in our experiment was well-characterized in a twin-beam generation
experiment described in [9]. In that experiment a pump at 531 nm was used and an
intensity correlation of 5.5 dB below the shot-noise level was observed. A major
disadvantage of operating at this wavelength is that the Si photon counting efficiency is
low (-1%). Although the detectors we used had significantly lower quantum efficiencies
at 1064 nm, the availability of a well-characterized OPA at 1064 nm allowed us to
quickly test the proposed scheme of Shapiro and Wong in a proof-of-principle
experiment. The theory of using optical parametric amplification to generate entangled
photon pairs described in [8] is not wavelength specific. Hence, the generation rate and
other properties suggested by Shapiro and Wong could be tested using this cavity
although the generated photons would not be at the desired wavelength for quantum
storage purposes.
15
Chapter 2
Experimental Apparatus and Setup
2.1 Experimental Apparatus
2.1.1 Standing Wave Doubly-Resonant OPA
The nonlinear optical system in this experiment was a doubly-resonant optical
parametric amplifier (OPA) in a two-mirror standing-wave cavity configuration. This
OPA cavity was previously used as an above-threshold triply-resonant optical parametric
oscillator (OPO) system that demonstrated -5.5 dB of nonclassical intensity correlation
below the shot noise level [9]. As a result the OPA cavity had been well characterized in
this twin-beam generation experiment, which I will summarize below.
Figure 2-1 shows a schematic of the OPA cavity. The cavity was formed with a 20-
cm-radius input mirror M1 coated for maximum reflection at 1064 nm and maximum
Pump
M1
M2
Figure 2-1: Schematic of standing-wave OPA cavity. M1 and M2 are cavity mirrors.
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transmission at 532 nm, and a 2-cm-radius output mirror M2 coated for 2.7%
transmission at 1064 nm and maximum reflection at 532 nm. Hence the cavity was
designed to resonate the subharmonic signal and idler fields at 1064 nm in a double-pass
pump configuration. The roundtrip power losses were previously reported to be 0.46%
for the extraordinary polarization and 0.66% for the ordinary polarization [9] and the
output coupling was reported as 2.69%. The threshold was found to be -300 mW. The 3
x 3 x 10 mm hydrothermally grown potassium titanyl phosphate (KTP) crystal was
antireflection coated at both wavelengths to minimize intracavity losses and it was
mounted on a thermo-electric (TE) cooler. The mirrors were separated by 1.9 cm and M1
was mounted on a piezoelectric transducer (PZT) for scanning the cavity length. The TE
cooler was used for fine temperature tuning for the KTP crystal, and was mounted on a
rotation stage to allow a change of the crystal's phase-matching angle. The three tuning
elements (crystal angle, TE cooler, and PZT) permitted the KTP phase matching to be
tuned to near frequency degeneracy for the pump wavelength of 532 nm.
In the experiment, we first optimized the cavity alignment by maximizing the
second-harmonic generation (SHG) of 532 nm, pumped with a Lightwave 122 diode-
pumped Nd:YAG laser at 1064 nm. Since the KTP crystal was type II phase matched, the
input polarization of the 1064 nm beam was set at 450 relative to the crystal's c axis,
which in turn was aligned vertically with respect to the propagation axis. Initially the
cavity length was scanned using the PZT to show the transmission peaks for both the
vertically and horizontally polarized input beams. The cavity mirrors were not attached
to any spring-loaded mirror mounts in order to obtain the best mechanical stability for the
cavity. We aligned the input laser beam relative to the cavity and obtained a cavity
17
finesse of -190, as expected from an average total roundtrip loss of - 3.3%. For SHG, the
two transmission peaks were brought together by tuning the crystal's temperature with the
TE cooler. We maximized the generated green light by adjusting the crystal's angle to
tune the phase matching curve of KTP. For SHG of 532-nm light the phase matching
angle (for the propagation axis) was -23 ° relative to the x axis in the x-y plane. The free
spectral range of the cavity was 5.6 GHz, which yielded a double-Lorenztian bandwidth
of 20 MHz for the output entangled photons. A photograph of the compact OPA cavity is
shown in Figure 2-2.
Figure 2-2: Picture of standing wave OPA cavity.
2.1.2 Pump System
The pump source for the experiment was derived from a Coherent Verdi-8 diode-
pumped, frequency-doubled Nd:YVO 4 laser with an output power of 8W. The Verdi V-8
laser generated a 532 nm output from the doubling of 1064 nm using a type I phase
matched lithium triborate (LBO) crystal. Although the optics within the laser head were
coated to transmit 532 nm, some leakage of 1064 nm occured, and precautions had to be
taken to make sure none of the radiation at that wavelength reached the detectors.
18
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2.1.3 Detection System
The detection of photons generated in the experiment was performed using Si single
photon counting modules (Perkin Elmer Optoelectronics model SPCM-AQR-14). These
are modules that can detect single photons of light over the wavelength range from 400
nm to 1060 nm. They can count up to 107 events per second with a dead time of 40 ns
between events. Each "trigger" event at the detector is converted to a TTL pulse that is
2.5 V high and 25 ns wide in a 50 Q load. The modules have a dark-count rating of 50-
100 counts per second and a detection efficiency of between 1% and 70% depending on
the wavelength.
The SPCM-AQR-14 modules are silicon avalanche photodiodes (APDs). They have
a "dark count" associated with them, which is defined as the number of pulses one
obtains when there is no incident radiation. When the APD is operated in the linear mode,
the dark counts are large and it is called the dark current. This dark count is mostly due to
thermal effects. When a photon hits the detector biased in the Geiger mode (the mode of
operation where the photodiode is operated above its breakdown voltage), it causes an
"avalanche" transition of electrons between energy bands. The electron then relaxes to its
original position, resulting in a photocurrent that registers as a pulse. However, electrons
can be excited to higher energy levels even when there is no incident photon. Thermal
effects may cause some electrons to be excited to higher energy levels and then relaxing,
leading to a current which also registers as a pulse. These pulses are referred to as the
"dark counts" of the detector and they appear randomly and they cannot be distinguished
from actual photon counting events due to incident light.
19
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The modules used in our experiments had a maximum dark count rating of 100
counts/sec. In order to measure the dark count rate, the modules were shielded with a
sheath made with black cardboard, as shown in Figure 2-3 and data was aquired in the
dark with no room light.
Figure 2-3: Picture of a shielded Single Photon Counting Module.
Table 1 summarizes the results of the dark count tests for the two SPCMs that were
used in our experiment. The measurements were made with 100 traces of 20 ms each for
each detector. The variance was found to be of the order of the average number of dark
counts, indicating these dark counts could be modeled as a Poisson process.
SPCM serial number Average number of dark counts
5198 47.5 / sec
5352 36.5 / sec
Table 1: Single photon counting module dark counts.
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After verifying that the photon counters had a dark count rate that was well within
the given specifications, we set up an experiment to determine their quantum efficiencies.
The quantum efficiency of an optical detector is defined as the ratio of the number of
detected photons to the number of incident photons that is wavelength dependent. Figure
2-4 shows the experimental setup we used to determine a rough estimate of the quantum
efficiency of the single-photon detectors (SPD) at 1064 nm, which is the wavelength
corresponding to the OPA signal and idler fields.
lens ND filters
SPCM 4 I
Laser|
Figure 2-4: Quantum Efficiency Measurement Setup.
An Amoco diode-pumped YAG laser at 1064 nm with a beam waist of 135.5 tm
was focused to a waist of 10 gm at the SPD with a f = 15 cm lens. The photon counters
had a square active area (170 Ctm 2). The tight focus, with a corresponding confocal
parameter (b = 2mzw2/A) of 0.59 mm, made it relatively easy to align the beam in the plane
perpendicular to the propagation axis. However, the short confocal parameter required
careful positioning of the SPD relative to the focusing lens. To enable better spatial
control of the location of the focus on the detector, the lens was placed on a three-axis
translation stage.
In order to determine the quantum efficiency, the power incident on the photon
counting module had to be precisely known. The power from the laser was measured
using an optical power meter (Newport Corporation, Model 835) with a sensitivity of 1
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nW and a maximum power of 2 mW. It was then attenuated with calibrated neutral
density (ND) filters to a level that did not saturate the SPD, or - 0.1-1.0 pW. This
required an attenuation of several orders of magnitude. A cascade of three to four ND
filters was placed in the beam path to accomplish this. For different power levels and
different runs of the experiment, quantum efficiencies of between 1.2% and 2% were
observed.
The outputs from the two SPDs were sent to two high-speed PC-based digitizing
data acquisition boards (Gage Scope's CompuScope model 8500). The associated
software from Gage Scope (Version 2.22) was used to control the data acquisition boards.
This software package allows multiple boards to operate together to perform
simultaneous data acquisition on up to 16 channels at rates up to 125 MHz or on 8
channels at up to 250 MHz. Data analysis was performed using National Instruments
LabView, which is a computer-based measurement and automation package.
For fast data acquisition, with a sampling rate of up to 500MHz, two CompuScope
8500 Cards and GageScope software (Version 2.22) were used. The single-channel
analysis of the trigger event due to an incident photon on a single photon detecting
module has a typical profile shown in Figure 2-5.
pulse height (V)
time (ns)
Figure 2-5: Time trace of a detected single photon event. The vertical scale is
from -1V to 6V and the horizontal scale covers - 70 ns
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The profile in Figure 2-5 shows that for each detected photon the SPD produced a 30-ns
output pulse with a pulse height registering at - 3V on the GageScope and a rise time of
- 5 ns. We decided that in our experiment we would use a sampling rate of 100 MHz that
would be fast enough to capture all triggered events but allow us to have data acquisition
periods of 20 ms, limited by the on-board memory size of 2 MB. A sample GageScope
record of one channel for 20 ms is shown in Figure 2-6.
Figure 2-6: Sample single channel record for 20 ms. The vertical scale is from -2V to 6V.
2.2 Experimental Setup
The overall experimental setup is shown in Figure 2-7. Immediately after the Verdi
V-8 laser, a Faraday isolator was placed to protect the laser from being damaged by
backreflections. The laser beam was then collimated using a collimating lens. For our
purposes, a constant beam size over a distance of 4-5 meters was considered to be
adequate since the whole path of the beam from the laser to the OPA was less than half of
that distance. A half-wave plate was placed after the collimating lens to control the power
from the laser that reached the OPA. A polarizer was used after the collimating lens to
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bring the laser beam to the desired polarization. In this thesis, "horizontal" polarization
refers to polarization that is parallel to the surface of the optical bench and "vertical"
polarization refers to polarization that is vertical to the surface of the bench. The polarizer
was set at an angle to pass only horizontally polarized light of the pump.
As mentioned in Section 2.1.2, the Verdi V-8 laser generated 532 nm by doubling
the 1064 nm light. Some preliminary calculations showed that there might be as much as
1 1iW of 1064 nm leakage from the laser. This would correspond to a significant number
of photons at the wavelength of interest that could be mistaken for downconverted
photons. Hence, a series of three infrared blocking filters (Andover Corporation BG-39,
039FG 11-50) were used, each of which had a transmission of 96% for 532 nm and a
transmission of less than 0.001% for 1064 nm. After these filters, the number of photons
at 1064 nm that could make it to the cavity was essentially down to zero.
The two lenses of focal length 5.7 cm and 1 m were used for modematching the
pump into the cavity. They were antireflection-coated for 532 nm. A Gaussian beam of
radius w and radius of curvature R can be represented by [10]
1 1j (2.1)
q R M2
It is possible to use ABCD matrix multiplication to solve for a stable q-parameter inside
the cavity [11].
A-D IA+D 2 1
q +2C 2C) c2 (2.2)2C 
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Figure 2-7: Overall experimental setup. CL, collimating lens; )d2, half-wave
plate; PBS, polarizing beamsplitter; SPD, single photon detector
where A, B, C and D are elements representing a round-trip through the cavity. Once the
q parameter at the input mirror was known, the focal lengths and the locations of the two
modematching lenses could be determined to modematch the pump into the cavity.
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These calculations gave a minimum beam radius w, of 39.33 gpm at 0.104 cm from
the output mirror of radius R = 200 mm. After the cavity, a lens of focal length 15 cm
was placed, followed by a long-pass filter with a high attenuation for 532 nm to get rid of
a significant portion of the pump power leaking through the cavity. The filter used was
almost transparent for 1064 nm. Extreme care had to be taken to make sure no pump
power reached the detectors, since they had a significantly higher quantum efficiency at
the pump wavelength and even a small amount of pump power could significantly distort
the number of counted photons.
After the long-pass filter, a half-wave plate was placed in the beam path. The half-
wave plate was followed by a polarizing beam splitter, which would reflect vertically
polarized radiation and transmit horizontally polarized light. As mentioned before, it was
critical to eliminate possible leakage of 532-nm photons from the pump into the
detectors. Hence, fused silica prisms were placed in both the reflected and the transmitted
beam paths to separate the 1064 nm radiation from the 532-nm pump radiation. The
prisms were positioned such that the beam was incident at Brewster's angle for 1064 nm.
A half-wave plate was placed in the reflected path to rotate the polarization of the
photons by 90° to take advantage of lossless transmission at Brewster's angle, which
holds only for TM polarization.
The lens, which was placed after the cavity, focused light at the two wavelengths to
their respective foci at a distance 31 cm from the prism. At that point, the spatial
separation between the output beam and the pump beam was 6.4 mm and the beam radii
were approximately 75 lpm and 55 ptm, and the maximum ratio of beam separation to
beam size was obtained. Irises were placed on both the transmitted and the reflected paths
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at that location and the position and size of the irises were set to pass all the photons at
1064 nm but block those at 532 nm. All the components in both paths starting with the
irises were enclosed in another dark box as shown in Figure 2-8 to minimize the
possibility of stray radiation being detected at the single photon detectors, SPD 1 and
SPD2. The detectors were shielded with an internal sheath as can be seen in Figure 2-3.
With the box and the sheath on, and with measurements taken with all the lights off, the
number of background counts was essentially down to the dark count level of the
detectors.
Figure 2-8 External Shielding of the detection unit
After the irises, the beams had to be focused on the detectors. In order to shorten the
distance between the irises and the detectors, we used negative lenses to expand the beam
before focusing it onto the detectors. We used a pair of folding mirrors in each path to
enable beam steering. A focusing lens of focal length 10 cm was used in each path to
focus the beam onto the respective detector. As in the quantum efficiency measurements
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described in Section 2.1.3, the lenses were placed on three-axis translation stages to allow
for better controls of the location of the focus. The beam radii on the detectors were
estimated to be 40 pm.
The losses associated with the optics from the beamsplitter to the detectors were
measured to be between 5% and 10% and these losses were within 1% of each other for
the transmitted and reflected paths for a given angle at the analyzer half wave plate.
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Chapter 3
Experimental Results and Analysis
In this chapter, we present the experimental details including the data acquisition
procedure, followed by the results and data analysis. The purpose of the experiment was
to investigate the characteristics of an OPA source at the wavelength of 1064 nm.
Through the use of a cavity, signal and idler fields are generated within a narrow
frequency band. The theory developed in [8] derives the singles and pairs generation
rates for an OPA source such as the one we used for our experiment. The expressions for
singles rates and pairs rates for sample values coincidence interval, cavity lifetime and
threshold were presented in Chapter 1. To experimentally test these values, the
coincidence-measurement setup schematically shown in Figure 3-1 was used.
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Figure 3-1 Schematic of the coincidence counting setup. The half-wave plate (HWP)
and the polarizing beam-splitter (PBS) are used to analyze the singles rates and
coincidences for different cases of interest.
The coincidence-counting measurement worked as follows: The signal and idler
photons leaving the cavity were orthogonally polarized due to type-II phase matching. By
varying the angle of the half-wave plate (HWP), different sets of data were acquired to
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investigate the presence of the expected quantum interference effects. The half-wave
plate introduced a relative phase difference of 180 ° between polarizations aligned with its
fast and slow axes, effectively rotating the input polarization by a fixed amount. The
polarizing beamsplitter transmitted horizontally polarized light and reflected vertically
polarized light and it served as a polarization analyzer.
For the experiment, the pump power had to be adjusted such that the pair generation
rate was low enough to ensure not more than one pair of photons was generated within a
few cavity lifetimes. The cavity lifetime was related to the loss rate of the cavity and
determined how long, on average, a photon remained in the cavity before finally leaking
out. Pumping the cavity at high power levels would result in the generation of many pairs
within a cavity lifetime, and could result in accidental coincidences due to photons that
were not generated simultaneously, but detected within the same measurement time
interval T. Correlations exist only between the photons of a pair that are generated by the
same pump photon and the inclusion of coincidence counts for non-simultaneously
generated photons would cause errors in the yield analysis.
By pumping the cavity at power levels much below the threshold value, the
probability of generating more than one pair of photons is reduced. As noted in Chapter
2, our experimental setup had a roundtrip cavity loss of 3.3%, which was related to the
cavity loss rate F and the free spectral range FSR by 2F/FSR. We used a measurement
time interval T that could be varied in data analysis. Given a pump threshold of 300 mW
and a desirable pump level of G2=0.01, this suggested a pump power of -3 mW for the
doubly-resonant OPA. For our experiment, the pump power levels ranged between 100
[tW and a few mW.
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The coincidence counting procedure was as follows: When the fast and slow axes of
the half-wave plate (HWP) were aligned accurately relative to the ordinary and
extraordinary axes of the crystal, orthogonally-polarized signal and idler passed through
the HWP without rotation. By rotating the HWP, the polarizations could be rotated by
any desired angle. The amount of quantum interference that was expected between the
signal and the idler depended on the HWP angle.
The number of coincidence counts was determined using a computer code written
using the National Instruments LabView package. Data of 2 MB was acquired and
downloaded from the GageScope memory to the computer after each 20-ms duration. It
took approximately 6 seconds before data could be acquired again. Typically, we
acquired data at a given setting for several hundred 20-ms periods. Unlike the usual
coincidence-counting apparatus used in spontaneous downconversion experiments [6,7],
which used a time-to-amplitude converter, we recorded the entire time trace and applied
post-processing. This allowed us to vary the measurement time-bin interval T for the
same set of data.
For a time bin of size T, a portion of each channel was scanned starting at every 10 ns
position, and a coincidence was registered for the cases where there was a count in each
channel within T/10 time bins. Given that the data were taken with a resolution of 10 ns,
the bin size T was a multiple of 10 ns. As shown in Figure 2-5, each photon registered as
a 30-ns pulse at the GageScope. The output data from the GageScope was in the form of
output voltages at 10 ns intervals for the data-acquisition duration of 20 ms. For no
incident light on the detectors, the output voltage was -0 V, whereas when a photon was
registered, a positive voltage value of-2.5 V was obtained. The post-processing
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algorithm went through the record of voltage values in each channel and reduced the data
to the "time-stamps" of the first value in time where a voltage above the threshold value
(set using the program) was registered. For our purposes, the threshold was set to 2 V.
Once the data in each channel were reduced to the time-stamps of the rise times, the
software went through one of the channels (say, channel 1) and for each time stamp of
channel 1, it looked for a time-stamp in channel 2 that was within a coincidence interval
T relative to the time stamp of channel 1. (Note that using the time-stamps of the fall
times, that is, the last value for which the voltage registered was greater than the
threshold value, would have been an equally valid algorithm as long as the data in both
channels were reduced in the same way.) The cases where there was exactly one rise-time
stamp within a coincidence interval were registered as coincidences. The cases where
there was more than one photon registered in one channel within T of a photon in the
other channel were significantly fewer in number and they were discarded. The same set
of data was processed for different coincidence intervals and the relation between the
number of coincidences and the bin size was observed.
The different sets of data were acquired for different settings of the half-wave plate.
In the experiment, the HWP and the PBS were set so that at 0 = 0° for the HWP, the
horizontally polarized signal was transmitted while the vertically polarized idler was
reflected. Figure 3-2 shows the coincidence counts over 250 20-ms durations for a total
of 5 seconds of data for 0 = 0°. The straight line corresponds to a minimum mean-squared
error fit to the number of coincidences for different coincidence intervals. For intervals
between 110 ns and 510 ns where the effects of cavity lifetime were not observed, the
curve shows a coincidence intercept of 43.
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Figure 3-2 Coincidence counts at 0 = 0° for different coincidence intervals T and a
pump power of 100 pW. Coincidence intercept is 43.
For this set of data, the polarizations of the downconverted photons from the cavity
were not rotated and the normally-ordered and phase-sensitive signal and idler correlation
functions are given by
K(n)(r)e' r (Ek (t + z)Ek (t)), for k S, I
K(p)()e -i(P 't+) - ( (t + ')E' (t))
(3.1)
(3.2)
respectively [12]. The average singles rate at each detector is equal to the generation rate
of signal (idler) photons within the crystal scaled by the quantum efficiency of the
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detectors, q. The average singles counts for the signal and idler photons for a T-second
interval are given by
(s) = (A) = q K1`0)dt = ZK(")(O)T, (3.3)
0
which, in terms of the cavity parameters can also be expressed as in (1.9). For time bins
of length T seconds and measurement intervals of TM seconds, the expected number of
singles at each detector is given by
S()-~ = T (N -(T K () () (3.4)
The number of coincidences for the measurement intervals defined as in (3.4) is given by
[12]
C(T) (3.5)
where
r T
(NS ) = fdtjdu(Es (t)Es(t)E (u)E(u)) (3.6)
o o
Simplifying (3.5) by expanding (3.6), we get
C(T)= TTM[iK)(0?)] 271 2 TM jdr(1-i I)xJK(P)(r) (3.7)
The first term in (3.7) corresponds to the "random" coincidences, that is the cases
where each channel has a count within a time interval of T seconds, but these counts do
not correspond to a pair of photons generated simultaneously within the bulk KTP
crystal. The generation of random coincidences can be approximated by a Poissonian
process with a given rate. The longer the period over which the counts are integrated, the
more "random coincidences" we get. If the coincidences registered were purely
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stochastic, we would expect to get a linear relationship between the number of
coincidences and bin size that would go to zero coincidence for a bin size of zero. Figure
3-3 shows the experimental data acquired for the half-wave plate set at 0 = 0 ° with an
intercept of 43 and the contribution from the Poissonian term with an intercept of 0
(dashed line).
Data (20,000 singles counts in 5s)
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Figure 3-3: Plot of coincidences at 0 = 0° (for a 100 piW pump power) and
the Poissonian contribution. The dashed line shows the expected number
of coincidences from random events.
The second term in (3.7) is the contribution from the signal-idler pairs. In the long-
T limit, (3.7) reduces to
C(T) = TTM [qK(n) (0)] 2+ ) 2 TM 2drjK(P) (j) (3.8)
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The TM [1K(n) (0)] term corresponds to the slope of the coincidence plots and the
/2TM idzIK(P) ()2 term corresponds to the y-intercept of the line that is fitted to the
-0
coincidence data points. The singles rate is given by (3.4) and can be deduced graphically
from the slope of the data shown in Figs. 3-2 and 3-3. The slope is approximately 37 /
(0.5 x 10-6). From (3.4) and the term TM [K() ()] corresponding to the slope, the singles
generation rate, S(T) is given by (slope)TM . For TM = 5 seconds, we infer a singles
generation rate of- 20,000 in 5 seconds.
The number of coincidences exhibits a behavior that is approximately linear with
the coincidence intervals except for relatively short intervals. This is due to the timing-
jitter involved in the photons escaping the cavity. Since the OPA cavity had a 2.7%
output coupler and the cavity lifetime was - 7 ns, the downconverted photons bounced
around the cavity before escaping. Each of the pair of simultaneously-generated daughter
photons could leave the cavity at different times. This introduced a substantial
uncertainty between the arrival times of the two photons at their respective detectors,
which are placed equidistant from the cavity. Hence, for short coincidence intervals we
expect to see fewer coincidences because one photon could be detected while the
conjugate photon could still be inside the cavity. Since the behavior for coincidence
intervals longer than 100 ns exhibits an approximately linear behavior, as expected, a
linear fitting was applied to the data points for coincidence intervals starting with 110 ns.
For the half-wave plate set at an angle 22.5 ° to rotate the downconverted photons by
45°, the set of coincidence data acquired is shown in Figure 3-4.
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Figure 3-4 Plot of coincidences at 0 = 0° and 0 = 45° for a pump power of 100 W.
By rotating the polarizations by 450, each photon was equally likely to be reflected
or transmitted at the polarizing beamsplitter in the experimental setup shown in Figure 2-
7. Unlike the case 0 = 00 in which the signal and idler were polarization-separated by the
PBS, quantum interference might occur when the signal and idler had the same
frequency. The number of coincidences is once again given by (3.5), but this time the
pairs term contains contributions due to quantum interference [12]
Q n) 30- 2 2TM 2C(T) = TT [K(") (O)] 2 2 2dK(P)() - Re[K(p) (v)K(P)* (-,)e-i(-) ]}. (3.9)
The first term in (3.9) is the same as in (3.8) and as already mentioned, it is due to the
Poisson terms. This also explains the identical slope of the two sets of data for 0 = 0) and
0 = 45°. The lower number of coincidences observed for the set of data acquired for 0 =
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45 ° is due to quantum interference which is given by the term
Re[K(p)(r)K(p)*(-v)e- i( - "')r]. The factor of /½ in front of the integral is the beamsplitter
effect. For frequency nondegenerate pairs, the PBS acted as a 50/50 beamsplitter and
hence statistically half of the time the photons would follow different paths, giving rise to
a coincidence. Half the time, both downconverted photons would follow the same path
(either both being reflected or both being transmitted at the PBS), and hence there would
not be a coincidence. Quantum entanglement requires a complete loss of
distinguishability between the two daughter photons, which we might not observe due to
several factors such as not operating at the frequency degenerate point, the asymmetry of
the correlation function (K(P) () A K(P) (- r) ) and various spatial mode effects.
In the frequency-degenerate case, Os = wl and the quantum interference term,
Re[K(p) (r)K(p)*(-r)e-'(- ")r in (3.9) reduces to IKP ()|2, if we assume a symmetric
cross-correlation function. This results in the integral in (3.9) going to zero regardless of
the measurement interval and the number of coincidences is given solely by the Poisson
term TTM [7K(n) (0)]. Hence, if we had perfect degeneracy, the data for the case 0 = 45 °
in Figure 3-3 would resemble the dashed-line in Figure 3-3 with an intercept of 0 and a
slope given by T [K(n)()]2. The fact that we have an intercept of 13 for the 45°-data
implies that there was a nonzero contribution from the quantum interference term. If there
was no quantum interference, Eq. (3.9) indicates that the coincidence intercept should be
21.5. If there had been complete entanglement, the coincidence rates for 0 = 45° would
have been down to the Poisson level. This suggests that we had partial quantum
interference for the OPA outputs.
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The second term in (3.8) corresponds to the coincidence intercept at T=0. The
integral in (3.8) equals K(n)(O) and hence the intercept, Cint(O) = TMKn()(O). Since the
singles rate is given by (3.4), we can easily determine the effective quantum efficiency of
our experiment, r, by ir= Ct,,(O)/S(T). From our set of data, we get =0.21%, which is
significantly less than the intrinsic quantum efficiency of the SPDs determined using a
highly-attenuated laser beam as described in Chapter 2. This indicates that there were
additional losses in the propagation paths due to several factors including the cavity
escape efficiency, angle walkoff, alignment and collection problems, propagation and
coating losses.
Taking the effective quantum efficiency of our experiment into accounts, we can
see that for the set of data presented in Figs. 3-2 - 3-4 we have a production rate of - 2 x
106/sec. Over the phase-matching bandwidth of 320 GHz, the generation rate is -5 x 104
pairs/sec-GHz-mW [12] in terms of pairs per second per GHz of bandwidth per mW of
pump power. The broadband source described in [7] has a pair generation rate of 1.5 x
106/sec over a 3-THz bandwidth for a 150 mW pump power, corresponding to only 3
pairs/sec-GHz-mW.
Consider the singles counts as a function of the cavity mirror PZT sweep, as shown
in Figure 3-5 and the expanded view in Figure 3-6. A National Instruments
Counter/Timer Board (Model No. PCI-6602) and National Instruments Data Acquisition
Kit for Windows were used in conjunction with LabView to display the real-time data
from individual detectors.
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Figure 3-5 Singles count rate vs. cavity mirror PZT
Figure 3-5 shows the presence of two resonances within the OPA cavity: One is the
weak resonance of the pump at 532 nm, and the other is the signal-idler double
resonance. The peak-to-peak cavity length change is 266 nm for the pump, and -9.5 nm
for the double resonance. Figure 3-6 shows some of these double resonance peaks on an
expanded scale. It is well known that in a doubly-resonant optical parametric oscillator,
the peak-to-peak separation is given by (An FSR)/fp [13]. For our OPA cavity, the double
resonance peaks are estimated to be separated by 9.5 nm.
Figure 3-6 Expanded view of double-resonance peaks
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Clearly, Fig. 3-5 indicates that in addition to the doubly-resonant signal-idler pairs,
there was a large number of background counts that were nonresonant. In fact, there
should be three contributions to the output. First, there is the doubly-resonant narrowband
component where both the signal and the idler were resonant with the cavity. The second
component was the singly-resonant narrowband pair where only the signal or idler was
resonant. The third is the nonresonant broadband component in which neither signal nor
idler was resonant.
The minima between the double resonance peaks in Fig. 3-6 represents the detected
singles from nonresonant mode pairs (Ro) plus the singly-resonant pairs (RI). The ratio of
the doubly-resonant counts to the total counts is -0. 15.
The simultaneous presence of these three components can best be explained
graphically using figure 3-7.
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Figure 3-7 Cavity Resonances
From the conservation of energy, the pump, signal and idler frequencies are related
by
co = s + . (3.10)
In the frequency-degenerate case, both the signal and the idler are at a frequency of
op /2. However, in the more general case, if the idler is at a frequency Wo /2 - 6 o, the
signal has to be at frequency cop /2 + 6 co. The cavity imposes certain constraints on the
resonant modes for the signal and idler. The daughter photons see different cavity lengths
due to the different indices of refraction along the ordinary and extraordinary axes of the
KTP crystal. Hence when the idler at frequency op /2 - 6 co is resonant, there may not be
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any resonant signal field at frequency cop /2 + 6 a, or vice versa, giving rise to a singly-
resonant mode. When the pump photon downconverts into two daughter photons at
frequencies where both the signal and the idler are resonant, the result is a doubly
resonant mode.
For the OPA cavity used, the contribution of each one of these components to the
singles rate can be calculated using the following equations [12]:
R2 =G 2F (3.11)
Ro = 2R, 4T BDRO FSR (3.12)
RO -R (T + L) 2 BPM (3.13)
4T BDRO
where R2 is the contribution due to the singles count from the doubly-resonant
component, R1 from the singly-resonant component and Ro from the nonresonant
component. The output coupler transmission, T was 2.7%, extra cavity losses, L were
0.8%, pump threshold, G2 was -1%. The singly resonant and doubly resonant bandwidths
(BSRO and BDRO) were 30 MHz and 20 MHz respectively. The phasematching bandwith,
BpM of the cavity was 320 GHz and the free spectral range, FSR was 5.6 GHz. F is the
cavity loss rate (F/i = BSRO)- Plugging in these numbers to Eqns. (3.11)-(3.13), and, for
simplicity, adjusting G2 such that R2 = 1 x 106 photons/sec, we get 1.9 x 106 photons/sec
from the singly-resonant components and 2.1 x 106 photons/sec from the nonresonant
components. Hence, from these numbers, we estimate that only about 20% of the photons
were generated at the doubly-resonant frequencies. This is close to the observation made
from Figs. 3-5 and 3-6
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The ratio of the coincidence intercepts indicates the presence of quantum
interference as already mentioned.
r = Cint(0) 45 = 3 0.30 (3.14)
Cint () =oo 43
If we suppose that the nonresonant pairs give perfect quantum interference and the
other components give none, the intercept ratio should be given by
(R +R2 )/2 (3.15)
Ro + R1 + R2
For the values of Ro, R1 and R2 above, we get r=0.29 indicating that this assumption
agrees with what we actually observed in the experiment.
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Chapter 4
Conclusion: Summary and Future Work
In this thesis we have achieved preliminary results demonstrating a cw untrabright
source of downconverted photons using a KTP optical parametric amplifier. We
generated photon pairs at a rate of 5 x 104 pairs/sec-GHz-mW which is significantly
brighter than the previous sources which generated only 3 pairs/sec-GHz-mW [7].
Despite the low quantum efficiency at the wavelength of operation, we have successfully
used a KTP doubly-resonant OPA to demonstrate and characterize cavity-enhanced
downconversion.
We have shown that there were three contributions to the downconverted photons in
doubly-resonant optical parametric amplifier - the narrowband doubly resonant,
narrowband singly resonant and broadband nonresonant components. The singly resonant
contribution was about twice as large as the doubly resonant contribution. We have also
demonstrated that the frequency degenerate nonresonant mode pairs were polarization-
entangled triplets and quantum interference due to these triplets was observed. We can
infer that the generation rate for these broadband polarization-entangled triplets is 7 x 106
/sec-mW over a 320 GHz bandwidth [12].
Future experiments employing an intracavity polarizing beamsplitter to form a
singly-resonant cavity can also be built to utilize the singly-resonant component. Based
on the generation rates Ro and R1 and the number of singly-resonant modes, we can infer
that the singly-resonant pairs would have a generation rate of 6 x 104 pairs/sec over a 30-
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MHz bandwidth [12]. This would give us a viable method for obtaining narrowband
entangled photons.
We have also shown that using a bulk KTP crystal rather than beta barium borate
(BBO) which is generally used, the production efficiency of downconversion is much
higher. The length of the crystal used, collinear propagation within the crystal and the
high nonlinear coefficient of KTP have contributed to the higher efficiency.
Our results will help guide future experiments that utilize cavity-enhanced
downconversion. For example, an ongoing experiment uses a periodically poled KTP
crystal with a UV pump at 397 nm and outputs at 795 nm. The 795 nm wavelength
matches the atomic transition of Rb for quantum memory applications. A significant
difference between the KTP and the PPKTP experiments is the higher (- 10 %) quantum
efficiency of the detectors at the output wavelengths for the PPKTP and hence results that
enable more in-depth analyses can be expected.
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